Mulder J, Hökfelt T, Knuepfer MM, Kopp UC. Renal sensory and sympathetic nerves reinnervate the kidney in a similar timedependent fashion after renal denervation in rats. Am J Physiol Regul Integr Comp Physiol 304: R675-R682, 2013. First published February 13, 2013 doi:10.1152/ajpregu.00599.2012.-Efferent renal sympathetic nerves reinnervate the kidney after renal denervation in animals and humans. Therefore, the long-term reduction in arterial pressure following renal denervation in drug-resistant hypertensive patients has been attributed to lack of afferent renal sensory reinnervation. However, afferent sensory reinnervation of any organ, including the kidney, is an understudied question. Therefore, we analyzed the time course of sympathetic and sensory reinnervation at multiple time points (1, 4, and 5 days and 1, 2, 3, 4, 6, 9, and 12 wk) after renal denervation in normal Sprague-Dawley rats. Sympathetic and sensory innervation in the innervated and contralateral denervated kidney was determined as optical density (ImageJ) of the sympathetic and sensory nerves identified by immunohistochemistry using antibodies against markers for sympathetic nerves [neuropeptide Y (NPY) and tyrosine hydroxylase (TH)] and sensory nerves [substance P and calcitonin gene-related peptide (CGRP)]. In denervated kidneys, the optical density of NPY-immunoreactive (ir) fibers in the renal cortex and substance P-ir fibers in the pelvic wall was 6, 39, and 100% and 8, 47, and 100%, respectively, of that in the contralateral innervated kidney at 4 days, 4 wk, and 12 wk after denervation. Linear regression analysis of the optical density of the ratio of the denervated/innervated kidney versus time yielded similar intercept and slope values for NPY-ir, TH-ir, substance P-ir, and CGRP-ir fibers (all R 2 Ͼ 0.76). In conclusion, in normotensive rats, reinnervation of the renal sensory nerves occurs over the same time course as reinnervation of the renal sympathetic nerves, both being complete at 9 to 12 wk following renal denervation.
IN THE KIDNEY, the majority of the afferent sensory nerves containing the neuropeptides substance P and calcitonin generelated peptide (CGRP) are located in the renal pelvic wall (15, 26, (32) (33) (34) 40) , an ideal location for mechanosensory nerves sensing stretch of the renal pelvic wall. Indeed, these mechanosensory nerves are activated by increases in renal pelvic pressure Ͻ5 mmHg; i.e., within the physiological range (17, 36, 47, 54) . In healthy normotensive rats fed a normal sodium diet, activation of the renal mechanosensory nerves increases afferent renal nerve activity (ARNA). This in turn leads to decreases in efferent renal sympathetic nerve activity (ERSNA) and a natriuresis, an inhibitory renorenal reflex response (37) . A physiological role for the inhibitory renorenal reflexes in the renal control of the homeostatic regulation of arterial pressure and sodium balance was demonstrated in rats in which the afferent renal nerves were removed by dorsal rhizotomy. These rats developed hypertension when fed a high-sodium diet (28, 35) .
In contrast to the rather distinct localization of the renal sensory nerves to the renal pelvic wall, the sympathetic nerves innervate both vascular and tubular structures throughout the kidney except in the inner medulla (1, 2) . All parts of the renal vasculature are innervated, with the greatest density being along the afferent arterioles. Of the tubular structures, the greatest density of sympathetic nerves is found along the thick ascending limbs and distal convoluted tubules followed by the collecting ducts and proximal tubules.
The sympathetic nerve fibers have also been found in the renal pelvic wall, although much less abundant than the sensory nerves (33, 34, 40) . Importantly, where the sympathetic nerve fibers in the pelvic wall were found, they were in close contact with the sensory nerves. Likewise, sympathetic and sensory nerves have been identified in the same nerve bundle close to the renal arterial wall (33, 34) . The close anatomical relationship between the renal sympathetic and sensory nerves is associated with a functional interaction between ERSNA and ARNA whereby increases in ERSNA increase ARNA which in turn leads to decreases in ERSNA via activation of the inhibitory renorenal reflexes (33) . The reciprocal interaction between ERSNA and ARNA serves as an important mechanism regulating ERSNA during physiological conditions to maintain sodium balance. However, in pathological conditions of sodium retention, the impairment of the inhibitory renorenal reflex control of ERSNA (24, 29, 30) is an inappropriate response that contributes to increased ERSNA and sodium retention (11, 42) .
There is considerable evidence for a role of the renal nerves in hypertension (11, 42) . Renal denervation has been shown to reduce arterial pressure in many models of experimental hypertension in animals (11) and more recently also in patients with drug-resistant hypertension (14, 38, 39) . However, the mechanisms involved in the long-term (Ͼ2 yr) reduction in arterial pressure (38) are unclear. The denervation procedures involve most likely interruption of both renal sympathetic and sensory nerves. It has long been known that efferent renal sympathetic nerves reinnervate the kidney following renal denervation (10, 16, 20, 45, 48, 49, 59) . Reports of long-term reduction in muscle sympathetic nerve activity after renal denervation (19, 53) suggested that the long-term depressor effect of renal denervation was due to interruption of excitatory reflexes originating in the kidneys and conveyed centrally by the afferent renal nerves. This raised the possibility that the renal sensory nerves do not reinnervate the kidney. Although, there is support for excitatory reflexes originating in diseased kidneys (4, 9, 18, 21, 22, 24) , the close anatomical and functional interaction between efferent and afferent renal nerves (33, 34) would suggest a coupling between afferent and efferent renal reinnervation in contrast to a selective lack of sensory reinnervation of the kidney. To date only a few studies have examined the issue of whether renal sensory nerves reinnervate renal tissue following renal denervation. Therefore, we compared the abundance of sensory and sympathetic nerves in the ipsilateral denervated kidney with that in the contralateral innervated kidney at various time points following renal denervation using immunohistochemistry combined with unbiased quantitative methods.
METHODS
The experimental protocols were approved by St. Louis University Animal Care and Use Committee and performed according to the "Guide for the Care and Use of Laboratory Animals" from the National Institutes of Health.
Seventeen male Sprague-Dawley rats (225-275 g) were anesthetized with isoflurane (1.8%, Butler Schein Animal Health, Dublin, OH). The left kidney was exposed by a flank incision. Unilateral left renal denervation was performed by sectioning all visible renal nerves, stripping the renal artery, and painting it with 10% phenol in absolute alcohol (37) . The muscle and skin layers were separately sutured, and the rats were treated with carprofen (10 g/kg im) and enrofloxacin (5 mg/kg im) and returned to their home cages following surgery. This denervation technique results in complete renal denervation, as shown by total abolition of the renal vasoconstrictor response to electrical renal nerve stimulation of the ipsilateral lumbar sympathetic chain and a reduction of the renal tissue norepinephrine content to 3% of that observed in sham renal-denervated rats (12) .
Immunohistochemistry. To determine whether the sensory nerves reinnervate renal tissue following the renal denervation procedure and, if so, whether this occurs with a similar time course as the sympathetic reinnervation, rats were anesthetized with pentobarbital sodium at various time points after left renal denervation 1 (n ϭ 1), 4 (n ϭ 2), 5 (n ϭ 1) days, 1 (n ϭ 2), 2 (n ϭ 2), 3 (n ϭ 3), 4 (n ϭ 1), 6 (n ϭ 2), 9 (n ϭ 2), and 12 (n ϭ 1) wk. In brief, after anesthesia, rats were transcardially perfused with calcium-free Tyrode solution followed by phosphate-buffered (0.1 M, pH 7.4) fixative containing 4% wt/vol paraformaldehyde and 0.2% wt/vol picric acid. The left and right kidneys were quickly dissected, postfixed in fixative for 90 min, and stored in 10% sucrose at 4°C. Fourteen micrometer-thick sections were cut on a cryostat and thaw mounted onto gelatin-coated slides. Renal sections from the left denervated and right innervated kidney were placed on the same slide. The immunohistochemical procedures used to identify renal sensory and sympathetic nerves have been previously described in detail (26, (32) (33) (34) .
Adjacent slides were incubated with antisera against markers for mechano-and chemosensory nerves (41) (43)]. All primary antibodies were incubated for 24 h at 4°C. Immunoreactivity was visualized using the tyramide signal amplification system (TSA-Plus: PerkinElmer Life and Analytical Sciences, Waltham, MA). In addition, sections were counter stained with the nuclear Hoechst 33342 (1:10,000).
Image acquisition. Whole kidney images where acquired on a Vslide slide scanning microscope (Metasystems, Alltlussheim, Germany) equipped with ϫ2.5, ϫ5, ϫ 10, and ϫ20 objectives and filter sets for DAPI (EX350/50-EM470/40) and FITC (EX493/16-EM527/ 30). Whole microscope slides were scanned at ϫ2.5, and tissue was detected based on the Hoechst 33342 signal. After a position map was generated, the left and right kidneys were scanned using ϫ10 primary objective.
Image processing. For unbiased quantification of sympathetic and sensory innervation entire cross-sections of the kidney containing pelvis, renal cortex, and medulla were captured. Between 500 and 600 individual field of view images (ϫ10 objective) were stitched together generating high resolution (700 megapixels) channel grayscale images.
For determination of the renal sensory innervation, the renal pelvic wall in the innervated and denervated kidney was outlined and exported to individual images using ImageJ (1.45p, NIH, Bethesda, MD). The sensory nerves in the pelvic wall were then selected based on the optical intensity values of the substance P-immunoreactive (ir) and CGRP-ir fibers (Fig. 1) . Renal pelvic wall innervation of substance P-ir and CGRP-ir fibers was calculated as integrated optical density of the substance P-ir/CGRP-ir fibers divided by the integrated optical density of total area of the pelvic wall.
For determination of the renal sympathetic innervation, four sections of the renal cortex ϩ outer medulla were outlined and exported into individual images (Fig. 1) . The four individual sections were of similar size in the innervated and the contralateral denervated kidneys. Sections C1 and C4 outlined the peripelvic cortical area; i.e., the cortical area surrounding the renal pelvis. Sections C2 and C3 outlined the cortical area more distal from the renal hilus. C2 and C3 also included the outer part of the outer medulla. The sympathetic nerves in the cortical areas C1 through C4 were selected based on the optical intensity of the NPY-ir and TH-ir fibers. Cortical innervation of NPY-ir and TH-ir fibers in each of the four sections were calculated by dividing the integrated optical density of NPY-ir and TH-ir by the integrated optical density of total area in each cortical section.
Statistical analyses. The optical density values of the sensory nerves in the renal pelvic wall in the denervated kidneys were Fig. 1 . For analyses of the optical intensity of the renal sensory nerves, the renal pelvic wall was outlined (arrow) and for analyses of the intensity of the sympathetic nerves four areas of the renal cortex were outlined, C1 through C4. C1 and C4 represent the peripelvic area, and C2 and C3 represent the renal cortical areas more distal from the renal hilus. C2 and C3 also included the outer part of the outer medulla. *Vessels; **fat tissue. compared with those in the contralateral innervated kidney. Likewise, the optical density values of the sympathetic nerves in each region, C1 through C4, in the denervated kidney were compared with those in the contralateral kidney. Linear regression of the ratio of the nerve optical density values in the denervated and the innervated kidneys versus time was calculated and a significance level of 5% chosen (GraphPad Prism 5.03, GraphPad Software, La Jolla, CA).
RESULTS

Sympathetic innervation.
In innervated kidneys, the optical density of the NPY-ir and TH-ir fibers averaged 1.2 Ϯ 0.1% and 1.2 Ϯ 0.2%, respectively, in total renal cortex; i.e., C1 through C4. NPY-ir and TH-ir fibers were observed in the wall of numerous vessels and along tubular structures (Fig. 2 , data on TH-ir not shown). NPY-ir and TH-ir fibers were not observed in the inner renal medulla. There were no differences in the optical density of the NPY-ir and TH-ir fibers in the innervated kidneys removed at the various time points after renal denervation of the contralateral kidney.
One day after renal denervation, the optical density of the NPY-ir and TH-ir fibers in the peripelvic cortical region, C1 and C4 (Fig. 1) , was 4% and 3%, respectively, of that in the contralateral innervated kidney. Over time, there was a gradual increase in the optical density of the NPY-ir and TH-ir fibers in the denervated kidney, being about 40 -50% and 100% of that in the contralateral innervated kidney at 4 and 9 to 12 wk, respectively, postrenal denervation (Fig. 3) . The gradual increase in the optical density of the NPY-ir and TH-ir fibers in the denervated kidneys followed a similar time course, the slopes, and the y-intercepts of the two regressions lines being similar (Fig. 3) .
In the areas more distal from the renal hilus, C2 and C3, the reinnervation of the NPY-ir and TH-ir fibers occurred at a slightly slower pace. At 6 wk after renal denervation, the optical density of the NPY-ir and TH-ir fibers was 25 and 50%, respectively, and at 12 wk 60% and 80%, respectively, of that in the innervated kidneys.
Sensory renal innervation. In innervated kidneys, the majority of the substance P-ir and CGRP-ir fibers were located in the renal pelvic wall (Fig. 4 , data on CGRP-ir not shown), in agreement with previous studies. SP-ir and CGRP-ir fibers were also found in the wall of the artery and vein in the hilus, although the density of the innervation was less than that in the pelvic wall (data not shown). The optical density of substance P-ir and CGRP-ir fibers in the renal pelvic wall averaged 41 Ϯ 2% and 58 Ϯ 1%, respectively, of that in total renal pelvic wall tissue, the difference in optical density being significant (P Ͻ 0.01). However, there was no difference in the area occupied by the substance P-ir and CGRP-ir fibers in the renal pelvic wall, 22 Ϯ 2% and 23 Ϯ 1%, respectively, of total pelvic wall area. There were no differences in the optical density of the substance P-ir and CGRP-ir fibers in the innervated kidneys removed at the various time points after renal denervation of the contralateral kidney. Fig. 2 . Immunohistochemical labeling of renal tissue for neuropeptide Y (NPY) showed NPY-immunoreactive (ir) fibers close to vessels and tubular structures in the peripelvic cortical area in innervated kidneys at all time points (left). In the contralateral denervated kidneys (right), there were no NPY-ir fibers in the peripelvic cortical area 4 days (b) and 2 wk (d) after denervation and markedly reduced numbers 4 wk (f) after denervation. At 9 wk after denervation, the distribution of NPY-ir fibers in the peripelvic cortical are was similar in the innervated and denervated kidneys (g and h). Arrows; nerves, A; arteriole, G; glomerulus. One day after renal denervation, the optical density of the substance P-ir and CGRP-ir fibers in the renal pelvic wall in the denervated kidney was 78% and 94%, respectively, of that in the contralateral innervated kidney (data not shown). However, 4 and 5 days after renal denervation, there was a marked reduction in the optical density of the substance P-ir and CGRP-ir fibers (Figs. 4 and 5) in the denervated kidney. Over time, there was a gradual increase in the optical density of the sensory nerves in the denervated kidney being about 50% and 100% of that in the contralateral innervated kidney at 4 and 9 to 12 wk, respectively, postrenal denervation. The slopes of the two regression lines depicting the relationship between time after renal denervation and the ratio of optical density of the SP-ir and CGRP-ir fibers in the denervated versus innervated kidneys were similar.
DISCUSSION
With the use of unbiased quantitative histochemical methods, the present study shows that combined surgical-chemical renal denervation resulted in significant reduction in the optical density of the NPY-ir, TH-ir, substance P-ir, and CGRP-ir fibers in renal tissue 4 to 5 days postdenervation. Thereafter, there was a gradual increase in the optical density of the substance P-ir and CGRP-ir fibers in renal pelvic tissue in the denervated kidney. This increase followed a similar time course as that of the NPY-ir and TH-ir fibers in the renal cortical areas surrounding the renal pelvis. At 9 to 12 wk postrenal denervation, the optical density of the substance P-ir and CGRP-ir fibers in renal pelvic tissue and of the NPY-ir and TH-ir fibers in the renal peripelvic cortical tissue was similar in the denervated and innervated kidneys. These findings suggest that reinnervation of the renal sensory nerves occurs over the same time course as reinnervation of the renal sympathetic nerves, both being complete at 9 to 12 wk following renal denervation in normotensive rats.
Denervation procedure. In the current studies, the renal nerves were denervated by applying a solution of phenol in 95% alcohol on renal vessels and surrounding tissue plus removing all renal nerves visible under a dissecting microscope. It may be argued that this technique is different from the radio frequency energy technique used in patients and results in reinnervation of renal tissue sooner than what may be expected if another technique, like that used in patients, had been applied in the rat. However, it is important to note that the protein denaturation of the neural tissue produced by phenolϩalcohol plus surgical removal of the renal nerves resulted in total abolition of immunoreactive NPY and TH in renal tissue as observed 1 day after the denervation procedure. This is consistent with the demonstration by us and many other investigators that this denervation technique reduces renal tissue norepinephrine concentration by more than 90% (11, 37) . Thus this technique resulted in more complete renal denervation than that used in patients in which renal vein norepinephrine spillover was reduced by 47% 1 mo after the renal denervation procedure (39) . No data are currently available on renal reinnervation following the renal denervation procedure in patients. Fig. 4 . Immunohistochemical labeling of renal tissue for substance P (SP) showed dense distribution of SP-ir fibers in the renal pelvic wall in innervated kidneys at all time points (left). In the contralateral denervated kidneys (right), there were no SP-ir fibers in the pelvic wall 4 days after denervation (b) and markedly reduced numbers at 2 and 4 wks after denervation (d, f). At 9 wks after denervation, the distribution of SP-ir fibers in the pelvic wall was similar in the innervated and denervated kidneys (g, h). 
Sympathetic renal reinnervation.
Previous studies of the renal sympathetic innervation in rats using radiolabeled norepinephrine showed that 0.6% to 9.6% of the renal vasculature and 2.4% to 6.5% of renal tubular structures are innervated by sympathetic nerves (1, 2) . The current findings show that the optical density of the NPY-ir and TH-ir fibers averages 1.2% of total renal cortex in the innervated kidneys suggesting that this method represents a valid evaluation of the sympathetic innervation of renal tissue.
There is considerable evidence for the sympathetic nerves reinnervating renal tissue following renal denervation in both humans and animals. Early histological studies in dogs showed partial reinnervation 3 mo postdenervation (10, 49) with reinnervation being complete at 6 mo after renal denervation (10) . Similarly, measurements of renal cortical norepinephrine content in dogs suggested complete reinnervation of the sympathetic nerves 4 mo postrenal denervation (45) . Importantly, renal cortical norepinephrine content paralleled the gradual return of the increase in plasma renin activity in response to low-sodium diet over the 4-mo period (45) . A study in rats showed partial return of renal cortical norepinephrine content and renal vasoconstrictor responses to electrical renal nerve stimulation at 4 wk following renal denervation (23) . The renal vasoconstrictor responses were restored toward control at 8 to 9 wk after renal denervation. Similar findings have been demonstrated in hypertensive rats. Renal denervation delayed the onset of hypertension in both spontaneous hypertensive rats and DOCA-salt hypertensive rats in association with marked decreases in renal tissue norepinephrine content. Arterial pressure increased gradually and was similar to that in shamdenervated hypertensive rats 6 to 7 wk after renal denervation at which time renal tissue norepinephrine content in the denervated kidneys was 60 -80% of that in the sham-operated rats (20, 59) . Although there are few studies reported in humans, there is anatomical evidence for gradual reinnervation of the human kidney starting 4 wk after renal transplantation with extensive reinnervation at 8 mo (16) . Taken together there is considerable evidence, both chemical and functional, for sympathetic reinnervation following denervation in both rats and dogs. Furthermore, available data suggest that there are differences among the species in the time required for sympathetic reinnervation following denervation, weeks in rats, months in dogs, and months-year(s) in humans.
The current findings showed that the optical density of the sympathetic nerves in the denervated kidney was reduced by more than 95% of that in the contralateral innervated kidney 1 day after renal denervation. Thereafter, there was a gradual increase in NPY content in renal sympathetic nerves reaching 40 -50% of that in the innervated control kidney at 4 wk and 100% at 9 -12 wk after renal denervation. Importantly, similar results were obtained with the NPY and TH antibodies, both of which are well-known markers of the sympathetic nerves. The increased ratio of the optical density of NPY-ir/TH-ir fibers in the denervated and innervated kidneys over time was solely due to an increase in the optical density of the sympathetic nerves in the denervated kidney because no variation in the optical density of the sympathetic nerves in the contralateral innervated kidney was observed at any time point. Taken together, our immunohistochemical findings demonstrating a gradual reinnervation of the sympathetic nerves over time are in agreement with previous histological and physiological studies in rats and dogs (10, 20, 23, 45, 59) .
Similarly to what has been reported in human transplanted kidneys (16) , the reinnervation of sympathetic nerves into the renal cortical areas further away from the renal hilus, areas C2 and C3 (Fig. 1 ), occurred at a slower rate compared with the peripelvic renal cortical areas. These data suggest that reinnervation of the renal sympathetic nerves after denervation follow the same pattern as the development of the sympathetic innervation, which starts at the peripelvic structures and reaches the juxtamedullary and cortical areas away from the renal hilus later in the development (40) .
Sensory innervation. Renal denervation in drug-resistant hypertensive patients results in long-term (Ͼ2 yr) reduction in arterial pressure (38) . Because of the considerable evidence for renal sympathetic reinnervation (vide supra), one of the possible mechanisms suggested to contribute to the long-term reduction in arterial pressure is interruption of excitatory reflexes originating in the kidney. Support for this hypothesis is derived from the findings that bilateral renal denervation reduces arterial pressure in association with reduction in muscle sympathetic nerve activity (19, 53) suggesting interruption of excitatory reflexes originating in the kidneys in these patients. There is evidence to support that when the inhibitory renorenal reflexes are suppressed, excitatory reflexes originating in the kidney prevail (24) . Excitatory reflexes originating in diseased/ injured kidneys have been demonstrated in various pathological conditions, including renovascular hypertension and renal failure (4, 9, 18, 21, 22) . These studies support the notion of excitatory reflexes originating in the kidney and contributing to the increased arterial pressure in drug-resistant hypertensive patients. This has lead to the hypothesis that lack of renal sensory reinnervation contributes to the long-term reduction in arterial pressure following renal denervation.
There have only been few studies examining sensory nerve reinnervation in detail of any organ. There are reports on cardiac transplant patients experiencing chest pain related to cardiac ischemia (56) . Also, studies in cardiac autotransplanted dogs have shown normal renal reflex responses to cardiac vagal afferent stimulation 8 -12 yr after transplantation (46) . These studies would suggest that the afferent nerves may reinnervate cardiac tissue postcardiac transplantation, even if it may be a slow process. A more recent study in rats suggested that the sensory nerves reinnervate the glabrous skin of the rat hind paw 4 to 8 wk after sciatic nerve injury (51) . A functional study in dogs examining the pressor responses to intrarenal administration of capsaicin showed the capsaicin-induced pressor responses being absent 2 to 3 wk postkidney autotransplantation and partially restored toward control levels 1-3 years later (52) . Further functional support for functional reinnervation of the renal sensory nerves following renal denervation is derived from one-kidney, one-clip hypertensive rats, a model of hypertension characterized by increased afferent renal nerve activity contributing to the increased arterial pressure. Renal denervation of the clipped ischemic kidney resulted in marked decreases in arterial pressure for 3 wk. Five weeks after renal denervation, arterial pressure was similar in the denervated and sham-denervated rats (22) . Together, these studies suggest that functional renal sensory reinnervation may occur following renal denervation.
In view of the sympathetic and sensory nerves being located in the same nerve bundles in renal tissue (33, 34, 40) together with the functional interaction between sympathetic and sensory nerves (33, 34) , we hypothesized that the sensory nerves may reinnervate the renal tissue and, if so, in a time-dependent fashion similar to that of the sympathetic nerves.
In agreement with previous studies, the majority of the substance P-ir and CGRP-ir fibers in the kidney are located in the renal pelvic wall (15, 26, (32) (33) (34) 40 ). Here we show that the area of the pelvic wall occupied by the substance P-ir and the CGRP-ir fibers was similar. These findings agree with our previous studies that showed colocalization of the two neuropeptides in all sensory nerve fibers in the pelvic wall (32) . The higher optical density of the CGRP-ir fibers compared with that of the substance P-ir fibers may reflect a difference in the efficacy of binding between the two antibodies used. However, and more likely, the higher optical density of the CGRP-ir fibers may reflect a higher CGRP content since activation of the renal sensory nerves results in a 10-fold higher release of CGRP than substance P (31) . Importantly, the analysis of the ratio of the optical density of the CGRP-ir or substance P-ir fibers between the denervated and innervated kidneys over time were similar to the analysis based on the ratio of the areas occupied by the immunoreactive fibers in the denervated and innervated kidneys.
The current findings showed that 1 day after renal denervation there was only a small reduction in the optical density of the substance P-ir and CGRP-ir in the denervated kidneys, which was not due to a failure of the renal denervation procedure since the optical density of NPY-and TH-immunoreactivities were reduced by over 95% in the same kidney. Instead, these findings may suggest a rather slow release of the neuropeptides during basal conditions in healthy rats. However, 4 -5 days after renal denervation there was a marked reduction in the optical density of the substance P-ir and CGRP-ir fibers in the denervated kidney. Thereafter, there was a gradual increase in the optical density of the substance P-ir and CGRP-ir fibers in the denervated kidney over time reaching 50% at 4 wk and 100% at 9 to 12 wk postdenervation. Our findings suggesting a gradual sensory renal reinnervation following renal denervation are indirectly supported by the functional data in one-kidney, one-clip hypertensive rats, which showed a gradual increase in arterial pressure over a similar time period following renal denervation (22, vide supra). There were no differences in the slopes and y-intercepts among the four regression curves depicting the ratio of optical densities of the substance P-ir, CGRP-ir, NPY-ir, and TH-ir fibers in the denervated versus innervated kidneys over time. These findings suggest that the renal sensory nerves reinnervate the renal pelvic wall in a time-dependent fashion similar to the sympathetic nerves in the peripelvic cortical tissue. In agreement with the current findings, data recently presented comparing labeling with antibodies against TH and CGRP in innervated and denervated rat kidneys suggested parallel sympathetic and sensory reinnervation in renal tissue 12 wk following renal denervation (13) .
In summary, the substance P/CGRP content in the sensory nerves in the denervated kidney gradually returned toward that of the innervated kidney over a period of 12 wk after renal denervation following a similar time course as the return of NPY/TH content in the sympathetic nerves. It can be speculated that the return of neurotransmitter content demonstrated herein is associated with restoration of function of both efferent sympathetic and afferent sensory nerves. In this regard, then, while removal of both renal sympathetic and renal sensory nerves most likely contributes to the arterial pressure reduction in drug-resistant hypertensive patients following renal denervation, the current results suggest that additional mechanisms are likely to contribute to the long-term arterial pressure reduction observed.
Perspectives and Significance
There is considerable evidence for renal sympathetic nerve activity being inappropriately increased in conditions of hypertension and thereby aggravating the hypertensive process (11, 42) . Impairment of the inhibitory renorenal reflexes contributes to the increased ERSNA in pathological conditions characterized by increased activity of the renin angiotensin system, including hypertension (7, 25, 27, 30) . When the inhibitory renorenal reflexes are impaired, e.g., in two-kidney, one-clip hypertensive rats, excitatory reflexes originating in the ischemic kidney prevail and contribute to the hypertension (21, 22, 24) . Further evidence for excitatory reflexes originating in diseased kidneys is derived from humans and rats with renal failure (4, 9, 18) . From these findings, it has been suggested that the fall in arterial pressure in association with decreases in muscle sympathetic nerve activity produced by bilateral renal denervation in drug-resistant hypertensive patients (19, 53) is related, at least in part, to afferent renal denervation removing the influence of excitatory reflexes originating in a diseased kidney.
Removal of both renal sympathetic and renal sensory nerves most likely contributes to the arterial pressure reduction in patients following renal denervation, at least initially. However, the current results show that the renal sensory nerves reinnervate the renal tissue in a similar time-dependent fashion as the sympathetic nerves following renal denervation in normal healthy rats. Although available data suggest that renal reinnervation will take months to year(s) in humans versus weeks in rats, the current findings suggest that additional mechanisms are likely to contribute to the long-term arterial pressure reduction (Ͼ2yr) observed in drug-resistant hypertension patients following renal denervation, assuming that the current findings represent functional reinnervation.
Among possible mechanisms contributing to the long-term reduction in arterial pressure initiated by renal denervation may be resetting of central nervous system mechanisms (e.g., neuroplasticity). Afferent renal nerves project to neurons in several brain areas involved in the cardiovascular control (3, 4, 6, 55, 58) . There is considerable evidence for increased sympathetic nervous activity in renal failure (4, 5, 44) . In rats with renal failure, the decrease in arterial pressure produced by afferent renal denervation was associated with decreases in norepinephrine turnover in posterior and lateral hypothalamus and locus coeruleus (4) .
Other mechanisms contributing to the long-term reduction in blood pressure following renal denervation may be related to peripheral resetting involving renal vascular remodeling and/or reduction in the activity of the renin angiotensin system (5, 11, 42) . In addition to its beneficial effects on renal function per se, decreases in renal angiotensin would result in disinhibition of the inhibitory renorenal reflexes (25) at a time when the sympathetic and sensory nerves may be reinnervating the kidney. This may lead to restoration of the beneficial reciprocal interaction between ERSNA and ARNA, one of the important mechanisms contributing to maintaining low ERSNA to minimize sodium retention.
